Channel
Introduction throughput rate that are greater than about 100-fold. The goal of the experiments described here was to estiThe principal functional role of ion channel proteins is to provide a pathway for ions to cross the lipid memmate the decrease in ␥ using a macroscopic approach. Our results indicate that the closed state has a conducbrane. In most instances, the ion conduction pathway is carefully regulated so that it opens and closes in tance for K ϩ ions that is at least 100,000-fold lower than the open state. response to a particular type of stimuli, a process widely referred to as gating (Hille, 2001 ). Voltage-gated potassium (Kv) channels are a large family of K ϩ -selective Results and Discussion channels that open and close in response to changes in membrane voltage. These channels are tetramers, The Shaker Kv channel predominantly adopts a closed with each subunit containing six transmembrane (TM) conformation at negative membrane voltages but can segments, designated S1 through S6 ( Figure 1A ). Funcbe opened by membrane depolarization (Yellen, 1998). tional studies on the gating of Kv channels suggest that This gating behavior is illustrated in Figures 2A and 2B , the S6 segment forms an activation gate located near where an oocyte expressing between 10 5 and 10 6 chanthe intracellular entrance to the ion conduction pore nels displays robust voltage-activated currents in re-( Figure 1B toxin-sensitive current at negative membrane voltages where the Shaker Kv channel is thought to be predominantly closed. From the results above, it appears that tell that this cell is expressing Shaker to high levels because even a weak depolarization to Ϫ52 mV evokes there is no detectable toxin-sensitive current at Ϫ100 mV when the channel is studied at moderate expression large voltage-activated currents. When Agitoxin was then applied to the cell, the toxin blocked about 65 nA levels. To increase channel expression, we injected oocytes with large quantities of Shaker cRNAs (50 ng per of current at Ϫ100 mV before the test depolarization and completely blocked the voltage-activated current cell) containing both 5Ј and 3Ј untranslated regions of the Xenopus ␤-globin gene (Liman et al., 1992), and we at Ϫ52 mV. The mean (Ϯ SEM) toxin-sensitive current at Ϫ100 mV for 16 oocytes examined in this manner was waited for 3 to 7 days for expression to reach maximal levels. The majority of cells expressing Shaker at high 43 Ϯ 8.4 nA. When experiments were performed on uninjected oocytes, the toxin-sensitive current at Ϫ100 levels exhibited unstable holding currents when the membrane voltage was held at Ϫ100 mV, making further mV was 2.8 Ϯ 2.2 nA (n ϭ 3), an example of which is shown in Figure 2D . In other experiments we also characterization of these cells impossible. However, a small percentage of cells ‫)%1ف(‬ displayed holding curassessed the toxin sensitivity of currents at Ϫ100 mV when cells expressing Shaker were bathed in an extrarents at Ϫ100 mV that were stable enough to assess their sensitivity to Agitoxin-2. One example is illustrated cellular solution containing 10 mM K ϩ . In these instances, we observed relatively small toxin-sensitive in Figure 2C , where Agitoxin-2 was applied in an extracellular solution containing 100 mM K ϩ to an oocyte currents (5.6 Ϯ 0.2 nA; n ϭ 3), suggesting that the toxinsensitive current is carried by K . Thus, the Agitoxin sensitivity of the currents that we measured at Ϫ100 mV strongly suggest that they originate from the movement of K ϩ ions through the ion conduction pore and not through some other pathway within the protein.
In order to better understand the unitary properties underlying the macroscopic current that we measured at Ϫ100 mV, we need to know the number of channels (N). To determine N, we quantified the total gating charge toxin-sensitive current at Ϫ100 mV and the number of channels ( Figure 4C ). This correlation further suggests that the toxin-sensitive current at Ϫ100 mV results from the voltage sensors, the ratio of G/G max , where G max is the conduction of K ϩ through the Shaker Kv channel. calculated from the product of i, N, and P o max, should Linear regression fit to the I versus N relation yields a be equal to the ratio of P o at Ϫ100 mV to P o max. Unitary slope of 1.6 ϫ 10 Ϫ17 A per channel ( Figure 4C 
